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Color and Luminance Contrasts
Attract Independent Attention
modulated either in luminance (equichromatic yellow)
or in color (equiluminant red-green, as shown in Figure
1, top). Thresholds were measured using standard two-
Maria Concetta Morrone,1,2,5 Valentina Denti,2
and Donatella Spinelli3,4
1Universita` Vita-Salute S. Raffaele
Via Olgettina 58 alternative forced-choice techniques.
Figure 1 shows the results for a representative ob-20132 Milano
2 Istituto di Neurofisiologia CNR server (similar results have been obtained for another
two observers). The black triangles of both panels showVia G Moruzzi 1
56127 Pisa thresholds with full attention, when subjects did not
perform the central task. These show the classic “dipper3 Istituto Universitario Scienze Motorie
Piazza De Bosis, 15 function” [14], where increment thresholds first improve
with increasing contrast then deteriorate. Performing00194 Roma
4 IRCCS Fondazione Santa Lucia the central task with luminance stimuli (Figure 1A, blue
circles) significantly increased increment thresholdsVia Ardeatina, 306
00179 Roma over the mid- to high-contrast range, leaving the abso-
lute threshold unaffected (consistent with previous stud-Italy
ies [1]). However, when the central task required a chro-
matic discrimination (Figure 1A, red squares), it had no
effect at all on the increment thresholds for the lumi-Summary
nance gratings, even though this task was performed
after the central task and was thus prone to interferencePaying attention can improve vision in many ways,
([17], but also see [18]). The right-hand panel showsincluding some very basic functions such as contrast
complementary results for the chromatic discriminationdiscrimination [1, 2], a task that probably reflects very
for the two gratings: the chromatic central task (Figureearly levels of visual processing. Electrophysiological
1B, red squares) increased increment thresholds over[3, 4], psychophysical [1, 5], and imaging [6–9] studies
the mid- to high-contrast range, while the central lumi-on humans as well as single recordings in monkey
nance task (blue circles) had no effect whatsoever.[10–13] show that attention can modulate the neuronal
As the performance measure was always thresholdresponse at an early stage of visual processing, proba-
(defined as 75% correct performance), the selective dif-bly by acting on the response gain. Here, we measure
ference cannot be attributed to different attentional loadincremental contrast thresholds for luminance and
for the grating contrast discrimination task. To testcolor stimuli to derive the contrast response of early
whether the attentional load of the central task may haveneural mechanisms [14–16] and their modulation by
been important, we varied its difficulty by decreasingattention. We show that, for both cases, attention im-
the chromatic contrast of the central stimulus, causingproves contrast discrimination, probably by multipli-
errors to vary from 4% to 45%. All difficulty levels hadcatively increasing the gain of the neuronal response
the same effect on peripheral chromatic discriminationto contrast. However, the effects of attention are highly
(around a factor of two), but none caused any increasespecific to the visual modality: concurrent attention to
in luminance increment thresholds.a competing luminance, but not chromatic pattern,
All of these data suggest that attention modulatesgreatly impedes luminance contrast discrimination;
contrast discrimination specifically for luminance andand attending to a competing chromatic, but not lumi-
for color. A likely mechanism for the modulatory effectsnance, task impedes color contrast discrimination.
is action on the gain of the neuronal response. TheThus, the effects of attention are highly modality spe-
standard model to explain the increment threshold dip-cific, implying separate attentional resources for dif-
per function is a nonlinear neuronal response to con-ferent fundamental visual attributes at early stages of
trast, followed by a constant differential threshold [15,visual processing.
16]. The curves passing through the data are fits of the
inverse of the derivative of Naka-Rushton equations [15]
Results and Discussion with four free parameters [16] (gain, semisaturating con-
trast and two exponents: for details, see the legend of
An interference paradigm was employed in which sub- Figure 2), which are typically used to model contrast
jects were required to perform two tasks concurrently gain control. The model provides a good fit (X2  0.0003)
(Figure 1, top): reporting whether or not one of the central and describes the modulatory effects of attention: the
disks was of different contrast from the others, and major change brought about by the dual task in the
discriminating which of the two peripheral gratings had same modality is a decrease in the multiplicative gain
higher contrast. The performance was compared with constant of the Naka-Rushton equation. Figure 2 shows
the performance obtained in a single-task condition, in the putative neuronal contrast response functions that
which the subject discriminated only the contrast of the best fit the incremental thresholds for two subjects. The
peripheral gratings. The stimuli for both tasks could be curves for the divided-attention conditions lie below the
response curves for the fully attended condition to lumi-
nance contrast in (A) and (C) (compare blue with black5 Correspondence: concetta@in.pi.cnr.it
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Figure 1. Effect of Attention on Contrast Increment Thresholds
(Top) The experimental paradigm. The stimulus comprises two gratings of 1 c/dg within 10  16 patches, displaced from the center by 6
and with a central array of 20 randomly positioned disks (each 18’ diameter), subtending 5. In this example, the central stimulus was modulated
in luminance and the peripheral gratings were modulated in color. Equiluminance was determined separately for the center and periphery by
standard flicker-photometry techniques. Both central and peripheral stimuli were presented simultaneously for 80 ms. Two conditions were
studied, single task and dual task. In the single task, the subjects had to attend only to the grating discrimination, ignoring the central stimulus.
In the dual task, subjects were required to report whether all the disks of the central pattern were of the same contrast, and then report which
of the two gratings had higher contrast. No speeding of responses was required. Feedback was given on the central task but not on the
peripheral task. To ensure that attention was divided between the two tasks, the response to the peripheral discrimination was accepted only
if the response to the central task was correct. Observers (the authors) practiced for many hours on different days to reach a stable performance.
The reported data were collected after learning was complete, which, for some conditions, was achieved only after several days and more
than 20 or more separate runs of 30 trials.
(Bottom) (A and B) Contrast increment thresholds as a function of base contrast for gratings modulated in (A) luminance and (B) color. Black
triangles show results for the single task, in which subjects had to attend only to the peripheral grating discrimination (either luminance or
color). The blue circles show results for when subjects concurrently made a luminance discrimination in the central task, and red squares
show results for when they made a concurrent color discrimination. Each symbol represents the threshold calculated from over 200 trials,
with experimental error indicated by the symbol size. (A) Note that the central luminance, but not the chromatic, task affected increment
luminance thresholds. The opposite is shown in (B): only the color central task affects increment thresholds. Contrast is expressed as RMS
cone contrast, calculated from the CIE coordinates of the monitor phosphors and human cone fundamentals [31]. The curves passing through
the data are fits from the differentiated Naka-Rushton function described in Figure 2.
curves) and to chromatic contrast in (B) and (D) (compare could be interpreted as a direct modulation of the con-
trast response of this neuronal population. Whenred and black curves), while the overall shape, the semi-
saturating contrast, and the extrapolated thresholds of translating the increment threshold contrast units into
hypothetical neuronal response levels (as reported inall the curves remain similar in both conditions. How-
ever, attending simultaneously to two stimuli of different Figure 2), the attentional effects are quite large, more
than a factor of two, and are highly specific to luminancemodality produces contrast response curves that are
nearly superimposed on the fully attended curves (com- and chromatic contrast.
The present results, pointing to separate attentionalpare red with black curves in [A] and [C] and blue with
black curves in [B] and [D]). Considering that the incre- resources for discriminating color and luminance con-
trast, are in line with previous studies showing little inter-ment thresholds are mediated by the most sensitive
neurons of a population, whose responses are presum- action between attentional resources for vision and au-
dition [19]. Previous attempts to show differentiatedably combined in some nonlinear way (such as probabil-
ity summation), the attentional effect shown in Figure 2 attention for luminance and color have been less suc-
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Figure 2. Gain Modulation of the Neuronal Contrast Response by Attention
(A–D) Simulated contrast response curves of the putative mechanisms mediating the incremental contrast thresholds for two subjects, MCM
(same data as in Figure 1) and VD. (A) and (C) show the results for luminance-modulated peripheral gratings, and (B) and (D) show the results
for the chromatic-modulated gratings. The black curves show the contrast response curves with full attention (single task), the blue curves
show the contrast response curves for the double task searching for luminance, and the red curves show the contrast response curves for
the double task searching for color. All curves show that, when attention is split between two tasks of the same modality, response gain is
reduced divisively, without negligible effect on the threshold.
The contrast response curves were modeled by:
R 
Axa
x  k50
.
The free parameters were A, , , and k50; x is the contrast of the pedestal grating. To evaluate the putative neuronal response function at
first approximation, the increment contrast curves were fitted by the inverse of the derivative of the contrast response functions given by:
S  A a x
(a  1)
x  k50

 xa x(  1)
(x  k50)2

1
.
The fit was achieved with the simplex algorithm and was stopped when no further reduction of 2 was obtained. Several trials with different
initial settings of the parameters were run to avoid local minima. The curve in Figure 1 shows the results of the fitting procedure.
cessful [20, 21]. However, this may be because they did neuronal tuning. In addition, for the middle temporal (MT)
area, the effect of attention is specific to the direction ofnot measure the attentive effects of color discrimination,
per se, but measured orientation discrimination with the motion of the stimuli, providing direct evidence of
modularity of attention for visual attributes [10]. In agree-chromatic and luminance stimuli. It is also possible that
the hard-edged stimuli led to chromatic aberrations, a ment with single-cell data, both fMRI experiments and
some psychophysical data point to a modification of aproblem that is avoided with gratings of sufficiently low
spatial frequency [22]. neural gain mechanism mediating motion [5] and lumi-
nance contrast discrimination thresholds [1, 23] by at-It is well know that attention can substantially improve
performance in various visual discriminations tasks, but tention. The attentional effects shown here are larger
than those observed for single-unit, VEP, or fMRI experi-the mechanism by which it does so is still far from clear.
It is reasonable to suppose that attention acts at more ments, indicating that attention may have very large
effects if the appropriate paradigm is used. Data withthan one location and is probably extended over several
cortical areas and several levels of analysis [13]. How- equiluminant stimuli are scant [24], but a recent VEP
experiment showed a multiplicative increase of the re-ever, a large body of electrophysiological evidence
points to a boost of the gain of the neuronal response, sponse by attention, which was of similar strength for
luminance and color contrast [4]. The present resultsaffecting the majority of neurons in the visual system by
as much as 60% [10, 12]. Even for these large changes reinforce this study with psychophysical evidence of
gain change by attention for color contrast that is ofof activity, the effect is multiplicative, without altering
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